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ABSTRACT

Fertilization is considered in terms of two cellular activations. Experiments with sea urchins

gametes in which the ionic composition of the external medium is controlled, show that extra-

cellular sodium ions (Na
+

) are required for the activations of both the sperm and the egg.

These requirements are for the release of intracellular protons (FT) and result in increased

intracellular pH (pHi). Evidence is presented showing that these changes occur spontaneously

upon suspension of sperm in sea water and result in the initiation of sperm motility. In the egg,

these changes occur after fusion with sperm and result in the initiation of embryonic
development.

Introduction

How cells go from the metabolically re-

pressed to the metabolically active states

and how they go from the nondividing to

the dividing states have long been recog-

nized as central questions in our under-

standing of cells. They are crucial to our

understanding of multicellular organisms

as well. The immune response, wound heal-

ing, carcinogenesis, all involve these cellu-

lar transformations. In fact, as this review

and the three which follow point out, the

multicellular state in many organisms is it-

self predicated on these types of cellular

transformations. The questions are clear in

the study of fertilization. Howdoes the dif-

ferentiated sperm cell which is stored in a

metabolically repressed state undergo acti-

vation to an actively respiring, fully motile

state prior to fertilization; and how does

the egg, upon fusion with sperm, undergo
transformation from the nondividing to

the dividing states leading to the develop-

ment of a new individual?

An implicit concept used in answering

these questions is that these cells are closely

linked with their environments in predicta-

ble and specific ways. It would be difficult

to explain the activation of sperm in any

other terms. The sperm cell has a limited

amount of energy. If it does not fuse with

an egg in a limited amount of time, it

simply expends this energy and dies. Adult

male organisms must provide an environ-

ment which preserves this energy until

sperm are released. The composition of the

external medium then becomes the impor-

tant limiting factor in whether or not the

sperm is activated. The activation of the

egg is less direct. An unfertilized egg may
remain suppressed for extended periods of

time in a medium fully capable of support-

ing activation. Fusion with sperm is neces-

sary for the activation to proceed, but as

for sperm, the composition of the external
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medium then becomes the limiting factor.

The central questions become more clear.

How are these cells linked with their envi-

ronments to bring about cellular activation?

In this review studies will be presented

suggesting that this linkage is provided by

specific ions which cross the plasma mem-
branes of these cells. These ionic flows re-

sult in changes in the ionic composition of

the intracellular environment where they

are translated into changes in cell metabo-

lism. For reasons that are obvious, the or-

ganism of choice in making these determi-

nations has been the sea urchin. A single

female, upon the gentle request of injecting

isosmotic KCL into the body cavity, may
shed as much as twenty mis of eggs, each ml

containing two million eggs. A single male

may shed as much as five mis of undiluted

semen, each ml containing 10-100 billion

sperm. In vitro fertilization is accomplished

simply by mixing sperm and eggs together

in sea water. A most important advantage

of this system in determining the involve-

ment of extracellular ions in fertilization is

that the ionic composition of the external

medium, sea water, is known and may be

totally defined. Fertilized eggs will reach

first cell division approximately 90 minutes

after insemination. The next four to five

divisions occur every 60 minutes and re-

main synchronous within each embryo and
within a given culture. Development pro-

ceeds synchronously through easily recog-

nizable embryonic stages (blastula, gas-

trula) to an early larval stage (pluteus)

within three days.

Activation of Sperm Metabolism and

Motility

Several early studies were directed at the

questions of how sea urchin sperm are re-

pressed in undiluted semen and activated

upon suspension in sea water. Gray 1

first

described the activation as a "dilution ef-

fect," explaining the repression in undi-

luted semen by simple mechanical crowd-

ing of the spermatozoa and the activation

as a release from this crowding. In support

of this idea, he reported that respiration

and motility are stimulated when semen is

further diluted with seminal fluid (later

confirmed by Hayashi).
2

Forcing a reval-

uation of this idea, Rothschild reported

that when undiluted semen is experimen-

tally oxygenated the spermatozoa become
motile, and when it is deoxygenated motil-

ity is again inhibited. These results suggest

that the lack of oxygen (or C02 anoxia) is

the repressive factor in undiluted semen
and that oxygenation is at least one of the

factors involved in the activation of sperm
upon suspension in sea water. CO2anoxia

can be expected if one views undiluted

semen as an extremely dense nonvascular-

ized suspension of living cells. The results

of Gray and Hayashi can be explained if,

during preparation, the seminal fluid be-

came oxygenated, which could occur in the

absence of sperm.

There is no doubt that oxygenation is

one of the factors required for the activa-

tion. Spermatozoa are not anaerobic. How-
ever, it cannot be the only factor involved.

If this were the case, suspension of undi-

luted semen in any oxygenated, isosmotic

medium should support activation. The re-

sults presented in Table 1 indicate that this

is not the case. When undiluted semen is

suspended in isosmotic solutions of the

major salts of sea water, NaCl, KC1, CaCb,
and MgSC>4, sperm motility is inhibited in

all solutions except NaCl. Additionally,

sperm motility is inhibited in sodium-free,

choline-substituted sea water (ONa
+
-SW)

in which all of the major ions of sea water

except Na
+

are present in normal amounts.

WhenNa
+

is added back, motility is stimu-

lated. These results suggest that external

sodium, the most plentiful cation in sea

water, is specifically involved in the activa-

tion of sperm metabolism and motility.

It is now known that sperm release acid

upon suspension in sea water
4-6

and that

this release is dependent upon extracellular
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Table 1 —Sperm Motility in Isosmotic Salt Solutions"

Solution Motility

ASW
NaCl (0.51 M)
KCL(0.51 M)
CaCl 2 (0.34 M)
MgCl 2 (0.34 M)
MgSO4 (0.51 M)
ONa+-SW
ONa+-SW + 0.01 MNaCl

°5.0 /il of undiluted semen added to 10.0 ml of solu-

tion with constant stirring.

*ASW(artificial sea water) is composed of 0.423 M
NaCl, 0.009 M KC1, 0.00927 M CaCl 2 , 0.02294 M
MgCb, 0.0255 MMgS04 , 0.00215 NaHC03 , pH 8.0.

Osmolarity = 1.02 OsM.
All salt solutions buffered at pH 8.0 with 0.01 Mtris.

ONa+-SW (Sodium-free sea water) is prepared ac-

cording to the same formula for ASWsubstituting

choline chloride for NaCl and KHC03 for NaHC03 .

c
Scored as motile (+) or immotile (—) 30 seconds

after suspension.

sodium.
6 As shown in Figure la, it can be

observed as a drop in pH of the suspension,

and is composed of two kinetically differ-

ent components, one fast which imme-
diately lowers the pH of the suspension

from 8.0 to 7.6, and one slow which further

lowers the pH to 7.4 over the three minute

time period monitored. The respiratory in-

hibitor cyanide completely inhibits the slow

component, while the fast component is

unaffected (Figure lb). These results con-

firm that the release is composed of two
components, i.e., they are not only kineti-

cally separable but also experimentally

separable; and they indicate that the slow

component represents increased respira-

tion and production of metabolic acid

(CO2). The latter indication is supported by
the fact that motility is inhibited in the

presence of cyanide. Neither component is

observed in ONa+-SW in which motility is

PH

8.0 a
1

b \ c

7.9 -

7.8 - -

7.7

- *\7.6

7.5 V
7.4

J X 1 > 1 1 1 1 1 a 1012 301230123
Minutes

Fig. 1. Acid release from sea urchin sperm, [a] 250 fi\ undiluted semen added to 2.0 ml ASWat time

(arrow), [b] 250 fj.\ undiluted semen added to 2.0 ml ASWcontaining 10" 4 M potassium cyanide at time

(arrow), [c] 250 n\ undiluted semen washed and resuspended in 2.0 ml ONa+

-SW; at time (arrow) NaCl, q.s. 10

mM, was added. The pH of these suspensions (extracellular pH) was measured continuously with a Corning

Model 12 expanded scale pH meter equipped with a Fisher Microprobe combination electrode and a Fisher

Series 5000 chart recorder.
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inhibited and the pH of the suspension re-

mains constant at 8.0. When sodium is

added back, the normal two-component re-

lease proceeds (Figure lc), and motility is

stimulated.

The picture which has emerged from

these facts is that the fast component rep-

resents a rapid exchange of extracellular

Na+
into the cell for intracellular protons

(H
+

) out, and the slow component repre-

sents increased metabolism. Viewed in this

way, the separability of the two compo-
nents becomes more important. Since the

fast component precedes the slow compo-
nent, it could control metabolism and mo-
tility. This idea finds support in the fact

that both components of acid release from

sperm suspended in ONa+-SW are propor-

tional to the amount of Na+
added back

(Figure 2). The results presented in Table 2

confirm that the rate of respiration is also

directly proportional. It is as if metabolic

activation may be titrated with extracellu-

lar Na+
. In the presence of cyanide, Na+

-H
+

Table 2—02-Consumption by Sea Urchin Sperm in

ONa-SWfl

02-consumption

mMNa
+

added nM 2 /2 X 10
9

sperm/min

0.0 1.062

0.5 2.165

1.0 4.330

1.5 25.980

2.5 54.125

5.0 64.950

10.0 73.610

"Measured with a Yellow Springs Model 5331 oxy-

gen electrode.

exchange occurs but metabolism is inhib-

ited at a later link in a chain of events, in the

case of cyanide, at the level of the cyto-

chrome system and electron transport.

An obvious dilemma that the Na
+
-H

+
ex-

change hypothesis raises is whether the met-

abolic switch is increased intracellular Na
+

or decreased intracellular H+
. It is now be-

coming clear that the latter alternative is

8.0 a b c

7.9

7.8 -

I

7.7 - ^S^^ L^
7.6 ^v
7.5

x 1 1 1 - - .1 . 1 . 1 L , . 1 .
—1 1012301230123

Minutes
Fig. 2. Acid release from sea urchin sperm. 250 nl undiluted semen was washed and resuspended in 2.0 ml

ONa+
-SW. At time (arrows) varying amounts of NaCl, q.s. 0.25 mM[a], 0.5 mM[b], and 1.0 mM[c], were

added. Measurements were made as described for Fig. 1.
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the important intracellular change. Several

methods for measuring intracellular pH
(pHi) in sperm have recently been devel-

oped
7 " 9

and all show increases in pHi (de-

creased H+

) which correlate directly with

increases in metabolism and motility. These

studies agree that upon addition of Na+
to

sperm suspended in ONa+-SW the pHi in-

creases 0.4-0.6 pH units, although there is

some disagreement about the absolute pHi
values. Lee et al. and Lee and Epel (unpub-

lished results) calculate pHi's of 6.5 in rest-

ing sperm and 6.9-7.1 in activated sperm,

while Christen et al.
9

calculate respective

pHi'sof 7.0 and 7.4. Regardless of the abso-

lute values, there is good experimental evi-

dence that the increase stimulates metabo-

lism and motility. For example, Table 3

shows that when the pH of a sperm suspen-

sion in ONa+-SW is raised to pH 9.0 with

KOH, sperm motility is stimulated. The
OH~moiety of KOHis the effective varia-

ble, since additions of KC1 equal to the

amount of KOHused to raise the pH have

no effect, i.e., the sperm remain immotile.

Additionally, K+
is already present in

ONa+
-SW in normal amounts (ca., 0.009

M). When the pH of this same suspension is

returned to 8.0 with HC1, motility is again

inhibited. In this case the H+
moiety of HC1

is the effective variable, since Cl~ is already

present in ONa+-SW in normal and much
larger amounts (ca., 0.496 M) than the

amount of HC1used to lower the pH. Thus,

sperm motility may be controlled by vary-

Table 3—Sperm Motility in ONa-SW'

Treatment Motility
c

Adjusted to pH 9.0 with KOH
Readjusted to pH 8.0 with HC1
+ 10.0 mMNH4 C1

-NH4CI 6

"5.0 /ul indiluted semen added to 10.0 ml ONa+-SW
with constant stirring.

"Motile sperm in ONa+
-SW + 10.0 mMNH4 C1

centrifuged and resuspended in ONa+-SW-NH4 Cl.

^Scored as motile (+) or immotile (—) 30 seconds

after suspension.

ing the extracellular pH in ONa+
-SW.

These results are interpreted as a bypass of

normal Na
+
-H

+
exchange and a direct con-

trol over pHi. No Na
+

is present and pH is

the only effective variable in the system.

This type of control is apparently not pos-

sible in normal Na
+
-containing sea water in

which Na+
-H

+
exchange may occur and

sperm motility may be observed through-

out the pH range 6.5-9.5. It is interesting to

note that the lower limit of this pH range ap-

proximates the calculated pHi's of resting

sperm. For the pHi to be raised to activat-

ing levels at this extracellular pH, protons

would have to be transported against a

concentration gradient.

Another means of bypassing Na+
-H

+
ex-

change can be achieved by adding NH4 C1

(final concentration, 0.01 M) to sperm sus-

pended in ONa+
-SW. Through a well-stud-

ied transmembrane equilibrium, extracel-

lular NH4

+
raises intracellular pH by equili-

brating with NH3 outside the cell, entering

the cell as NH3 , and then re-equilibrating

with NH4

+
inside the cell by taking up in-

tracellular protons.

NH, 4- NH3 <- NH
3 *

1.T NH

extracellular
space

plasma intracellular
membrane space

As shown in Table 3, when NH4
+

is added
to sperm suspended in ONa+

-SW, motility

is stimulated. Removal of extracellular

NH4

+
should shift the transmembrane equil-

ibrium in the reverse direction and lower

intracellular pH. When NH4

+
-activated

sperm are centrifuged and resuspended in

ONa+-SW without NH4

+
present, motility

is again inhibited. The results in Table 4

confirm that the stimulations of sperm mo-
tility in ONa+-SW induced by raising the

pH to 9.0 with KOHand by adding 10.0

mMNH4 C1 are coupled with increased res-

piratory rates.
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Table 4—Ch-Consumption by Sea Urchin Sperm'

02-consumption

(nanomoles 2 /2 X 10
9

Medium sperm/min)

ASW 88.33

ONa+-SW 1.06

ONa+-SW + 10.0 mMNaCl 73.61

ONa+
-SW, pH 9.0 56.29

ONa+-SW + 10.0 mMNH4 C1 74.61

"Measured with a Yellow Springs Model 5331 oxy-

gen electrode.

All of the studies reviewed above are

consistent with the idea that intracellular

pH controls metabolism and motility. Con-
sider first the repressed sperm in undiluted

semen. If the seminal fluid were either low

in Na+
(below 0.25 mM) or low in pH (be-

low 6.5) repression would be expected.

These possibilities have recently been elim-

inated by direct measurements which show
that the ionic composition of seminal fluid

is surprisingly similar to sea water (0.44 M
Na\ pH 7.4).

10 To provide an alternative

explanation, it is necessary to go back to the

early studies with undiluted semen which
suggested that the sperm are repressed by

CO2anoxia. HowCO2could generate pro-

COo

Na+:

± C02 4- H
2

•I

H2 C03

•1

H + + HCO3

extracellular
space

plasma
membrane

intracellular

space

Fig. 3. The proposed scheme for the generation of

intracellular protons by extracellular C02 and the re-

lease of intracellular protons by Na
+
-H

+
exchange. See

explanation in text.

tons and maintain a low pHi is shown in

Figure 3. C02 diffuses freely across the

plasma membrane. Once inside a cell, and
through catalysis by the enzyme carbonic

anhydrase, it could combine with water to

form carbonic acid which would imme-
diately dissociate to free protons and bi-

carbonate ions in the measured pHi range

(6.5-6.8). Replacement of C02 with 2 , a

treatment which stimulates motility in un-

diluted semen,
3

could raise the pHi in two
ways. It could simply reverse all of the equi-

libria or it could allow Na+
-H

+
exchange to

proceed.

Now consider the sperm upon suspen-

sion in sea water. Extracellular CO2 levels

are reduced, Na+
is present, 2 is provided

for respiration, and metabolism and motil-

ity are stimulated. Again, the pHi could be

raised through a simple reversal of the equi-

libria. The results presented here, however,

show that extracellular Na+
is required to

remove the protons, through Na+
-H

+
ex-

change. A recent and interesting finding is

that even after sperm have undergone acti-

vation in sea water and are actively swim-
ming, they may be rearrested by passing

C02 gas over the suspension.
10

It is as if the

conditions in undiluted semen have been

experimentally reintroduced. Upon replac-

ing the C02 with air, and since normal levels

of extracellular Na+
are present, metabo-

lism and motility are stimulated.

Activation of the Egg

Based on the number of things that the

egg must do after fertilization, egg activa-

tion is necessarily more complex. Sperm
are activated solely to fertilize the egg. The
egg is activated to produce a new organism.

This is not to say that the cause of activa-

tion is necessarily more complex; only that

its effects are. The mature unfertilized sea

urchin egg is metabolically quiescent and
repressed, having undergone both meiotic

reduction divisions and a period of in-
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tense synthetic activity and storage during

oogenesis. Fusion with sperm activates or

derepresses the unfertilized egg from this

relatively inactive state, initiating a series

of events which eventually results in cell

division and development of the embryo. A
chronological list of these events is shown
in Figure 4. Occurring within the first min-

ute of sperm-egg fusion are those events

termed "early" which include a Na+
-de-

pendent depolarization of the egg plasma

membrane, ' the cortical reaction,
12

and

increased respiration.
13

Beginning five min-

utes after sperm-egg fusion are the "late"

events which include development of K+
-

conductance,
11,14

increased permeability to

phosphate,
15

nucleosides,
6 and amino

acids,
17

increased protein synthesis,
18

and

initiation of DNAsynthesis.
19

Knowing the times at which these events

are stimulated has provided great insight

into the activation process. For example, it

was first proposed by Mazia
20

and since

confirmed by numerous investigators
21 " 24

that treatment of unfertilized eggs with mil-

limolar concentrations of NH4

+
bypasses

the early events and selectively turns on the

late events. An interesting and important

aspect of this activation is that these eggs

may be fertilized at any time after treat-

ment and by this definition, remain unfer-

tilized. Subsequent fertilization of these

eggs stimulates the early events. It is as

though the total activation of the egg is

under control of two regulatory master

switches, each activating a group of events,

and the order in which the switches are

thrown may be reversed.

It has become increasingly clear that the

switch for the late events is the same switch

implicated in the activation of sperm, in-

creased pHi. The fact that NH4

+
is a stimu-

lator is itself evidence for this idea since it

could experimentally raise pHi through the

same transmembrane equilibrium. Direct

measurements have now confirmed this ef-

fect.
25 " 28 The means by which this switch is

thrown is apparently also similar to that in

sperm. Chambers 29
first reported a Na

+
-re-

Fusion of Sperm and
Egg Plasma Membranes

2 -

3-

4

5

6-

18

20

30

40

50

60

100

300

400

1,000

Minor Influx of Sodium Ions

Membrane Potential Change
(Rapid Block to Polyspermy)

Liberation of Calcium Ions

_ From Intracellular Depots

"Cortical Reaction Release of Acid
(Permanent Block to Polyspermy)

"Conversion of NAD to NADP

-Rise in Oxygen Consumption

—«•— Na dependent acid release

Increase in Intracellular pH
(Decreased Acidity)

-•— Increase in Protein Synthesis—*—Activation of Transport
Systems

Fusion of Egg and—Sperm Nuclei

^_ Initiation of DNASynthesis

-• —First Cell Division
6,000

Fig. 4. Chronological list of events occurring in

the sea urchin egg following sperm-egg fusion. Time is

indicated logarithmically in seconds. Modified after

Epel.
33
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quirement for activation and soon thereaf-

ter J Johnson et a/.
30

reported that this re-

quirement is for acid release. Beginning

about one minute after insemination and

lasting approximately four minutes, fertil-

ized eggs release acid into the surrounding

sea water. For a two percent suspension of

eggs (2.0 ml packed eggs suspended in 100

ml sea water) it is detected as a drop in pH
from 8.0 to 7.6.

30
This release is coupled

with a measurable increase in pHi.
25 ' 28,30 As

for sperm the effect of NH4

+
may be inter-

preted as an experimental bypass of normal

Na+
-H

+
exchange and a direct increase of

pHi. In the egg the effect is a turnon of the

late events.

What then is the switch for the early

events? This is perhaps the more important

question since it would be more imme-
diately related to the overall initiating

event, the fusion of sperm and egg plasma

membranes, and would lead to increased

pHi. Referring to Figure 4, it is noted that

the first detectable response of the egg to

the fertilizing spermatozoon is a Na
+
-de-

pendent depolarization of the egg plasma
membrane. This response is due to a minor
influx of Na

+
which causes the electrical

charge inside the egg to go positive relative

to the outside.
11 The depolarization itself is

apparently not the switch, because direct

injection of a depolarizing current through

an intracellular electrode does not activate

the unfertilized egg.
31

Instead it appears to

function independently as a rapid and tran-

sient block to polypermy,
31

i.e., the fertiliz-

ing spermatozoon induces the depolariza-

tion preventing supernumerary sperm from
entering the egg until more permanent
blocks are established. Neither does the

minor influx of Na+
appear to be the switch,

because upon stimulating sperm motility in

ONa+-SW (described in the preceding sec-

tion) in the presence of eggs, fertilization

and activation of the early events proceed.
6

These eggs are however polyspermic be-

cause the depolarization is prevented in the

absence of Na
+

.

6

The current idea, and one that has ac-

cumulated a convincing body of evidence

(reviewed by Jaffe
32

and by Epel
33

), is that a

transient increase in the amount of intracel-

lular free calcium ions (Ca
2+

) is the switch

for the early events. Mazia
34

first reported

this change in 1937 and it has since been

confirmed by Nakamura and Yasumasu 35

and Steinhardt et ai.
36 The two crucial

questions which these findings have raised

are (1) is the increase a cause of activation,

and (2) if so, how is the increase achieved.

Both of these questions were approached in

an important study by Steinhardt and
Epel

37
using the calcium ionophore A23 187

which selectively permeabilizes membranes
to Ca

2+
. They showed that treatment of un-

fertilized eggs with A23187 stimulated vir-

tually all of the events normally stimulated

by fertilization. Unlike ammonia-treated

eggs, ionophore-treated eggs are not fertil-

izable because the cortical reaction, an

early event, is stimulated and establishes a

permanent block to polyspermy. This reac-

tion involves a massive reorganization of

the egg surface and is readily observable as

the fertilization coat lifts away from the egg

plasma membrane and forms a hard inpene-

trable barrier to sperm.
12

Vacquier
3

has

presented evidence that the cortical reac-

tion is stimulated directly by increased lev-

els of Ca
2+

. An important finding related to

the second question, how increased Ca2+
is

achieved, is that activation will proceed in

Ca
2+

-free sea water.
37

This finding elimi-

nates the need for Ca
2+

-influx and has led to

the idea that unfertilized eggs contain a

store of sequestered Ca
2+

available for re-

lease upon fertilization. The nature of this

sequestration remains unknown. Since the

ionophore works by causing selective

permeability across membranes, one may
postulate that Ca

2+
resides in some mem-

brane-bound organelle. Alternatively or

additionally, Ca
2+

could be bound directly

to molecules within the egg. Calcium bind-

ing proteins have been reported in various

types of cells and tissues
39

and Nakamura
and Yasumasu 35

have provided evidence

for one in sea urchin eggs.
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Given the two regulatory master switches

are increased intracellular free Ca
2+

for the

early events and increased pHi for the late

events, certain predictions are possible.

Treatment of unfertilized eggs with NH4

+

was shown to bypass the Ca
2+

-requiring

early events and selectively turn on the pH
-dependent late events. The reciprocal re-

sult, a turnon of the early events with an ar-

rest of the late events should be possible by

increasing intracellular Ca
2+

under condi-

tions which prevent increased pHi. Such a

situation has been experimentally imposed

in fertilized eggs transferred to ONa+
-SW,

and in unfertilized eggs treated with A23 187

in ONa+
-SW. Here fertilization coats are

raised indicating that the Ca
2+

increase has

occurred but the eggs remain arrested be-

cause Na
+
-H

+
exchange and increased pHi

are prevented. Upon addition of Na
+

, acid

release, increased pHi and stimulation of

the late events proceed.
30,40,41

Raising the

pH of the ONa -SW to 9.0 with KOHor

adding 0.01 MNH4

+
also stimulate the late

events in these eggs.
30,42

These experiments

are analogous to those described for the ac-

tivation of sperm metabolism and motility

on ONa+
-SW.

Another prediction is possible for eggs

fertilized in ONa+-SW by NH4

+
-activated

sperm. In this situation sperm motility has

been activated by NH4

+
, and fertilization

proceeds in ONa+
-SW. Since NH4

+
is pres-

ent the pHi in the egg should also be raised

and allow for complete activation. This re-

sult has been reported.
6

Apparently, in-

creased pHi in both the sperm and egg has

been experimentally induced under condi-

tions which prevent Na+
-H

+
exchange. A

notable difference in these eggs is that in-

stead of dividing normally into two cells at

first division, they divide into many cells.

The reason for this abnormality is that

these eggs are polyspermically fertilized

under the Na
+
-free conditions imposed.

The rapid block to polyspermy has been

bypassed.

The results described here leave little

doubt that the early events are experimen-

tally separable from the late events. The
problem that remains is to determine how
they are related to one another during

normal uninterrupted fertilization. Per-

haps the solution is already evident. The
early events accomplish two things. (1)

They prevent polyspermy, ensuring that

normal development will ensue, and (2)

they result in a massive reorganization of

the egg surface (the cortical reaction), al-

lowing the egg to interact in new ways with

its environment. The important interaction

is Na
+
-H

+
exchange which begins on a time

course consistent with the completion of

the cortical reaction. The interpretation is

that the early events prepare the egg to un-

dergo Na
+
-H

+
exchange, increased pHi, and

activation of the late events by causing the

proper surface changes. Viewed in this way
it is easier to understand how the unfertil-

ized egg remains suppressed in a medium
fully capable of supporting activation. It

does so by sequestering intracellular stores

of Ca2+
and preventing the surface changes

from occurring. It is also easier to under-

stand how the fertilizing spermatozoon
triggers the activation process. It does so by

stimulating Ca
2+

-release.

Summary and Implications for Future Study

As reviewed above, evidence has accumu-
lated that Na

+
-H

+
exchange and increased

pHi result in the activations of both the

sperm and egg in the sea urchin. In the

sperm these changes occur spontaneously

upon dilution of semen in sea water. In the

egg they are stimulated indirectly by the

fertilizing spermatozoon through a tran-

sient increase of intracellular Ca
2+

. It is

often argued that the common trigger, in-

creased pHi, would be too simple and too

nonspecific to explain the activation of

cells as different as sperm and eggs. These

arguments are based on misunderstand-

ings. Increased pHi is only the trigger. How
each cell responds to it is determined by
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how each cell is genetically and differen-

tially programmed to respond to it. The
spermatozoon responds by becoming mo-
tile. The egg responds by reorganizing,

assembling, and synthesizing all of the

materials needed for cell division and de-

velopment of the embryo. Specificity is nec-

essarily maintained in the response.

What is now obviously needed is to de-

termine how universally applicable these

findings with sea urchin gametes are to

other cells which undergo activation. For

reasons mentioned earlier, studies with sea

urchin gametes have far exceeded those in

other cell systems, especially in terms of the

roles of ions in cellular activation. There

are however studies which would suggest

that various elements of the story in sea ur-

chin gametes are present in the activations

of other cells. Wong et al.
43

have recently

presented evidence for Na+
-H

+
exchange

and increased pHi in the activation of

sperm motility in the rat. The Ca2+
-iono-

phore A23187 has been shown to activate

many different types of eggs,
44

as well as

resting lymphocytes in tissue culture.
45 An

increase in the pHi of frog eggs after fertili-

zation has been reported.
46

If one accepts

the idea that cell surface changes are re-

quired for promoting ionic exchange and
cellular activation as proposed here for the

egg, there is an enormous body of work
available correlating functional and visible

changes of the cell surface with changes in

the metabolic states of virtually every type

of cell studied.
47

The importance of the

story in the sea urchin eggs is that a link has

been provided between the cell surface

changes and changes inside the cell.
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